Abstract. We investigate the secondary relaxations and their link to the main structural relaxation in glass-forming liquids using glycerol as a model system. We analyze the incoherent neutron scattering signal dependence on the scattering momentum transfer, Q, in order to obtain the characteristic length scale for different secondary relaxations. Such a capability of neutron scattering makes it somewhat unique and highly complementary to the traditional techniques of glass physics, such as light scattering and broadband dielectric spectroscopy, which provide information on the time scale, but not the length scales, of relaxation processes. The choice of suitable neutron scattering techniques depends on the time scale of the relaxation of interest. We use neutron backscattering to identify the characteristic length scale of 0.7Å for the faster secondary relaxation described in the framework of the mode-coupling theory (MCT). Neutron spin-echo is employed to probe the slower secondary relaxation of the excess wing type at a low temperature (∼ 1.13T g ). The characteristic length scale for this excess wing dynamics is approximately 4.7Å. Besides the Q-dependence, the direct coupling of neutron scattering signal to density fluctuation makes this technique indispensable for measuring the length scale of the microscopic relaxation dynamics.
Introduction

1
The ever-increasing importance of molecular glass form-2 ers is evident in many applications, from biological pro-3 cessing [1] to organic light-emitting diodes (OLEDs) [2] . 4 They also form the basis of the soft colloidal glass formers 5 where material properties are tuned by varying the con-6 centration [3, 4] . However, understanding the underlying relaxation) followed by a shoulder or second smaller peak. 13 The microscopic origin of these secondary dynamic pro-14 cesses illuminated by the shoulder or small peak remains 15 in debate. Broadband dielectric spectroscopy (DS) is the 16 most widely used technique for investigation of molecular 17 dynamics in glass [5] [6] [7] [8] . In this case, the aforementioned 18 effects are observed experimentally by measuring the di- 19 electric loss permeability ε . In this regard, the collec- 20 tive dynamics of supercooled liquids occur at a character- 21 istic interaction length identified by the static structure 22 a e-mail: s.gupta@fz-juelich.de factor peak [9, 10] , where the structural α relaxation is 23 predominant. On the other hand, the hidden secondary 24 processes emerge only in the supercooled state (near T g ) 25 and are difficult to access by MD simulation. At T g the 26 α relaxation is 14 orders of magnitude slower than the 27 microscopic motion, and the main peak is almost not 28 measurable with conventional techniques. As such, low 29 temperatures (T > T g ) are preferred to isolate the sec-30 ondary process from the overwhelming α mode at high 31 
temperatures (T T g
). The three well-established sec-32 ondary processes are the excess wing (EW) a.k.a. slow 33 β process [5] [6] [7] [8] [11] [12] [13] [14] , the Johari-Goldstein (JG) β relax-34 ation [6, 8, [15] [16] [17] , and the fast β relaxation [6, 8, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . 35 They generally appear at frequencies between 10 8 Hz and 36 
10
12 Hz, and were usually identified by DS [5, 6, 13, 17, 25] . 37 Materials in which a pronounced and well-separated JG 38 secondary β relaxation peak is detected are called type 39 B glass formers. Whereas, systems that exhibit a simple 40 power law at high frequencies are called type A glass form-41 ers [16, 26] . It has been predicted that for type A systems 42 like glycerol, translational [27, 28] and rotational [29] mo- 43 tions of mobile particles inside a slow matrix coexist [30] . 44 In molecular dynamics (MD) simulation [31] where the 45 crossover from type A to B dynamics was studied by the 46 mean square displacement (MSD), the density correlation 47 croscopic origin of this secondary fast process. It should 105 be noted that a relaxation process accessed by different 106 spectroscopic methods may vary in amplitude compared 107 to the α process. This effect is apparent when the ex-108 cess wing and JG relaxation are investigated by different 109 experimental probes like DS and light scattering. The de-110 tected excess wing appears to be stronger when probed by 111 scattering methods compared to the DS spectra [8, 46, 47] . 112 Likewise, differences in the amplitudes of dynamic pro-113 cesses in glass formers were also observed for Boson peak 114 and the fast β process [5] by different experimental probes 115 such as neutron scattering, light scattering, and DS. In 116 fact for dipolar hard spheres, MCT based calculation of 117 the non-ergodicity parameter predicts that the relaxation 118 strength of the α peak from NS can be much smaller than 119 that obtained from DS [48, 49] . The present work aims to 120 achieve a better understanding of secondary relaxations in 121 glass at different length scales. This should enable us to 122 determine the extent of the underlying local constraints.
123
Recent results show the effect on the NS spectra of the 124 excess wing in an aqueous solution of LiCl [32, 33] and in 125 a mixture of glycerol and LiCl [14] at low temperatures. 126 Hence, in our present work, we utilize NS experimental 127 techniques at low temperature to conduct a detailed in-128 vestigation of the underlying fast dynamics and their con-129 nection to the characteristic length scales. In this paper we 130 show incoherent neutron scattering results from neutron 131 spin echo (NSE) and incoherent quasi-elastic neutron scat-132 tering (QENS) results obtained by backscattering (BS) 133 spectroscopy. From the NSE measurements we obtain data 134 for long Fourier time scales of the order of 100 ns, which 135 corresponds to a lower frequency limit of about 10 7 Hz. 136 The results from neutron backscattering (BS) experiments 137 cover a relaxation time range of the order of 10 −11 -10 −9 s. 138 Employing both NSE and BS, we studied in detail the Q-139 dependence of the fast dynamics in pure glycerol. For this 140 reason we choose a low temperature (215 K ∼ 1.13T g ) [50] 141 around which EW and α relaxation mode is well sepa-142 rated, [14] thereby making the system an ideal candidate 1
143
for for such investigation [25] . In the current paper we 144 report the results of this study.
145
Experimental details
146
For the incoherent NSE, backscattering and dielectric 147 spectroscopy, glycerol-H 8 (C 3 H 8 O 3 ) of ≥ 99.5% purity 148 from Sigma-Aldrich was bought. To ensure the absence 149 of water in hygroscopic glycerol, the sample was treated 150 inside a glovebox in an inert (helium) atmosphere, with 151 water vapor content less than 0.1 ppm. There the glycerol 152 was transferred from a sealed bottle (Sigma Aldrich) to 153 the aluminum sample containers directly without further 154 processing. The sample container was then sealed using 155 indium wire and the leakage was measured using a helium 156 detector (the leakage rate was less than 10 −9 ).
The quasi-elastic neutron scattering experiments were 158 performed at the Spallation Neutron Source (SNS) at 159 Oak Ridge National Laboratory (ORNL) using the BS 160 spectrometer BASIS [51] and the Spin Echo spectrome-161 ter SNS-NSE [52] excess wing is dominant [5, 6, 25] .
196
-To achieve this, we calculated D self using the hydro- served EW power-law fall-off in dielectric data [5, 6] .
213
The only fitting parameters are the relative strength [5, 6, 39] . The open squares represent the inverse of the self-diffusion (1/D self ) coefficient as calculated based on the size and viscosity data taken from the literature [59, 60] . The star represents the value of equivalent effective diffusion coefficient for the α-relaxation D α as explained in the text. The inset shows a hypothesized schematic diagram of the microscopic relaxation dynamics of glasses adopted from ref. [33] , where the temperatures and relaxation times are approximate.
-Next, to explain the backscattering data in fig. 3 
232
- Figure 5 was used to examine the Q-dependence of the 233 relaxation times obtained for various processes.
234
-To determine the true nature of the fast relaxation 235 mode τ fast , a comparative study between dielectric 236 loss ε and loss susceptibility χ from BS data was 237 performed in the frequency space ( fig. 6 ).
238 Figure 1 shows an Arrhenius representation for molec-239 ular glass former, glycerol, based on dielectric relaxation 240 times τ ε [5, 6, 39] . The α-relaxation times (τ α ) and the 241 excess-wing relaxation (τ EW ) or slow β relaxations are 242 represented by the solid lines. As shown in the legends, 243 they are determined using the dielectric loss spectra ε . 244 The open symbols are the inverse of vertically scaled self-245 diffusion coefficients (1/D self ) and are calculated using 246 the size and viscosity data from the literature consider-247 ing the hydrodynamic radius of glycerol molecule to be 248
Fig. 2. Normalized dynamic structure factor S(Q, t)/S(Q, 0)
at Q = 0.236Å −1 , 0.259Å −1 and 0.3Å −1 for pure glycerol measured at 215 K which is indicated in the legend. The solid lines are fits using eq. (2) with fixed parameters from the dielectric α-relaxation, as described in the text. The dotted lines are calculated for single KWW representing corresponding α relaxation modes τ α for better illustration. Inset shows magnified initial decay.
1.6Å [59, 60] . The inset shows a hypothesized schematic The Q dependence of the effective self-diffusion co- 
Here 
Here, p(Q) is the relative strength factor of the α process; 296 p(Q) = 1 leads to a single step arising from the α relax-297 ation as shown by the dashed lines. [57] . Thereby, we used the effective self-diffusion 308 coefficient scaling (from fig. 1 )
2 ) to fix 309 the corresponding τ α constant over the fits (dashed line 310 in fig. 2 ). The stretching parameter of the α relaxation 311 was set to β α = 0.7 following our previous NSE stud-312 ies at higher temperatures [14] and Wuttke et al. [58] for 313 glycerol. In fact fig. 2 and its inset clearly shows that the 314 single KWW fits for α relaxation failed to represent the 315 observed decay. Hence a two step KWW (eq. (2)) is nec-316 essary. The amplitude A in eq. (2) represents the Debye-317 Waller (DW) factor [64] . It yields a vlaue between 0.92 318 to 0.97 (< 1). This highlights the presence of faster pro-319 cess like the fast β and vibrational dynamics. The width 320 parameter for the excess wing (EW) process was kept con-321 stant at β EW = 0.4, following the EW power-law fall-off in 322 dielectric and NSE measurements [14, 25] . The free param-323 eters used in the fits are p(Q) and the EW relaxation time. 324 The average Fourier-time obtained from the NSE data is 325 τ EW = 526 ± 182 ns over a Q-range of 0.2-0.3Å −1 , which 326 lies in close vicinity of the dielectric relaxation time, τ ε , 327 from DS (cf. fig. 1 ) [5, 6, 25] . Here p(Q) is the elastic in-328 coherent structure factor (EISF) for the β-slow relaxation 329 fig. 1 
I(Q, E) = p(Q)δ(E) + (1 − p(Q)) S(Q, E) ⊗ R(Q, E)
Here δ(E) is the delta function centered at zero energy 362 transfer. p(Q) represents the fraction of the elastic scat-363 tering or the elastic incoherent structure factor (EISF). 364 It is the relative strength factor of the slow EW dynam-365 ics which are not accessible by BS. The corresponding α 366 relaxation is too slow (10 7 ns) to have any effect on the 367 BS data. B(Q, E) is the elastic linear background term 368 arising from various contributions [66] . S(Q, E) is the dy-369 namic structure factor in the frequency space. R(Q, E) is 370 the resolution function, and ⊗ denotes the convolution. 371 For the BASIS spectrometer the elastic resolution was 372 measured from low temperature (20 K) sample. We used 373 a single Fourier transformed (FT) KWW function [61, 62] 374 in the time space to describe the dynamic structure factor 375 in frequency or energy space as 376
S(Q, E)
The exponent β fast determines the stretching of the 377 exponential function, whereas τ fast represents the relax-378 ation time of the fast dynamics with ω = E/h, the an-379 gular frequency. It is to be noted that combination of 380 eq. (3) and eq. (4) is based on the same formalism as 381 used in eq. (2) but a constant p(Q) represents the spec-382 tral weight of the slow α relaxation in eq. (2) and of the 383 EW in eq. (3). The FT-KWW is computed by C based li-384 brary by Wuttke et al. [67] , following in house C++ code 385 for Levenberg-Marquardt fitting. It is represented in fig. 3 386 by the solid line that is convoluted with the experimen-387 tal resolution. The corresponding fast dynamic illustrated 388 by the shaded area is also convoluted with the resolu-389 tion data and weighted by (1 − p(Q) [65] , where j 1 is the first or-399 der spherical Bessel function. The "diffusion in a sphere" 400 model, originally developed to describe diffusion in pores 401 with impenetrable boundaries, in materials such as silica, 402 is applicable in the same manner to diffusion in transient 403 confinement. From the standpoint of the fast secondary re-404 laxation process, the diffusing particle experiences a con-405 finement caused by the neighboring particles, until the 406 time the cage of the neighboring particles relaxes through 407 
454
To determine the nature of the fast dynamic with 455 relaxation time τ fast we have compared the BS re-456 sults to the well-established broadband dielectric mea-457 surements [6] . Therefore, to make a comparison with the 458 dielectric loss permittivity, ε , we calculated the corre-459 sponding loss susceptibility, χ , from neutron BS inter-460 mediate scattering function S(Q, ω) in the energy or fre-461 quency space ν = ω/2π = E/h. The loss susceptibility is 462 derived from neutron scattering anti-Stokes spectra by
where (n(ω, T ) is the Bose factor at an absolute temper-2
464
ature T [23, 65] . The corresponding dielectric loss ε at 465 213 K from DS [5, 6, 39] and loss χ at 215 ± 2 K from the 466 BS data are shown in fig. 6 (a) and (b), respectively, in a 467 log-log representation. The vertical dashed lines in fig. 6(a) 468 illustrate the position of relaxation times in the frequency 469 space which was obtained from the average Fourier time, 470 shoulder-like response in the loss χ spectra in fig. 6 (b).
482
For different Q's, the positions of the shoulder, the na- as this only occurs at THz region for glycerol [25] . The 490 fast β process, as described in the framework of idealized
491
MCT [18, 19, 23, 25] [50] ), the sys-500 tem is below the crossover temperature (T < T c ), where 501 a strong deviation from idealized MCT scaling has been 502 previously observed for pure glycerol [23, 25, 50] . Here, the 503 particle dynamics are considered to be almost frozen in 504 an effective free-energy landscape, and the shallow mini-505 mum could be the effect of thermally activated hopping 506 mechanism [26, 69] . Also the limited frequency window of 507 QENS BS data prevents us from investigating the hopping 508 effects as proposed by extended MCT [49] for propylene 509 carbonate.
510
Being a type A glass former, glycerol exhibits EW 511 rather than a well-separated pronounced secondary peaks 512 as observed in type B glass formers [16, 42, 43] . The EW 513 is just the high-frequency flank of the underlying β pro-514 cess overwhelmed by the dominating α relaxation, which 515 could bear the same microscopic origin [25, 39, 50] . How-516 ever, it is well known that in dielectric spectroscopy the 517 relative amplitude is weaker than that of the suscepti-518 bilities determined by neutron and light scattering meth-519 ods [13, 25, 50] . This excess amplitude might be one of the 520 reasons as to why we see a shallow shoulder for the loss 521 χ , in fig. 6(b) for the τ fast mode, when the correspond-522 ing dielectric loss ε , shows a broad minimum in fig. 6(a) . 523 On the other hand, it has been reported recently that in 524 benzophenone [70, 71] the fast β process could lead to a 525 symmetrically broadened shoulder, well approximated by 526 a Cole-Cole (CC) like behavior [70] , at the high-frequency 527 flank of the α relaxation peak. At high temperatures in 528 benzophenone the fast β process becomes completely sub-529 merged under the dominating α peak. In this regard, one 530 cannot completely ignore similar behavior for the occur-531 rence of a shallow shoulder in fig. 6 (b) from neutron scat-532 tering. It might be related to the different coupling of the 533 tensorial properties in these experimental probes [45, 48] . 534 Dielectric experiments probe the reorientational motions 535 of the glycerol molecules, whereas neutron scattering has 536 access to the density fluctuations and translational degrees 537 of freedom of the particles. The simplified MCT deals with 538 a single correlator. However, more advanced MCT mod-539 els [26, 49] with a second correlator for the reorientational 540 dynamics can be fruitful to determine the difference be-541 tween dielectric and neutron scattering data. 
Summary and conclusions
543
In the present work, we studied the microscopic length 544 scale dependence of secondary relaxations in a type A 545 molecular glass former, glycerol, using incoherent quasi-546 elastic neutron scattering methods. QENS experiments 547 routinely yield single-particle diffusion jump length, but 548 in this work we measure very different quantities. results, using the same approach as we apply in this work. 
